Herein, chemoselective ring-opening polymerization kinetics, mechanism and rare earth phenolates' structure-activity relationship were investigated for direct synthesis of thiol-terminated poly(3-caprolactone). Polymerization kinetics was measured using lanthanide tris(2,6-di-tert-butyl-4-methylphenolate) and unprotected 6-mercapto-1-hexanol as model catalyst/initiator. The fraction of thiol-terminated poly(3-caprolactone) in the product (thiol fidelity) first decreased with the increasing consumption of monomers and then increased afterwards. The degree of polymerization and molecular weight distribution increased continuously with the reaction time. The proposed polymerization mechanism is presented herein. Active site of O-La bond was generated via chemoselective ligand exchange between phenol and hydroxyl groups of the initiator, leading to designable polymers. A small amount of thiolester intermediates was yielded by monomer insertion into the S-La bond and disappeared through transesterification attacked by the O-La bond, which was confirmed by NMR, MALDI-TOF MS and SEC. The structure-activity relationship was investigated by employing 14 catalysts with varied substituted ligands and center metals. All catalysts exhibited good activities to achieve over 75% thiol fidelities and controlled molecular weights and distributions. 2,6-Di-tert-butyl-4-methylphenol and lanthanide showed relatively higher chemoselectivity. Welldefined thiol-terminated poly(3-caprolactone) with a molar mass up to 20 000 g mol À1 was prepared under mild conditions. This study provides deep insights into chemoselective polymerization and rare earth phenolate catalysis.
Introduction
By virtue of excellent biodegradability, biocompatibility and special properties of the end group, thiol-terminated polyesters have broad applications in biotechnology, microelectronics, material science, etc. [1] [2] [3] [4] [5] [6] [7] Owing to the active chemical and physical properties of thiol, it was challenging to directly produce polyesters containing thiol functionality via ringopening polymerization (ROP) of cyclic monomers in the presence of mercapto alcohol used as a multifunctional initiator.
8,9
Indirect synthetic methods were used to yield target products by employing tedious protecting/deprotecting steps.
10-12
Since the discovery of Candida antarctica lipase B (CALB), a direct strategy for synthesis of thiol-terminated polyesters was established without any protecting group. 13 To date, chemoselective catalysts of Sn(OTf) 2 , 14 rare earth phenolates 15, 16 and lipase from Candida sp. 99-125, 17 as well as microow technology, 18 were developed to promote protecting-group-free approach. However, there were still some drawbacks, including poor control of thiol delity, molecular weight and distribution.
Previously, we have reported rare earth phenolates as highly chemoselective and low-cost catalysts for unprotected mercapto alcohol-initiated polymerization of 3-caprolactone (CL) to linear and branched thiol-functionalized poly(3-caprolactone). 15, 16 In the absence of the thiol group, experimental and computational studies have strongly proved the living/ controlled nature of ring-opening polymerization through coordination-insertion mechanism.
19-27 For the system containing the thiol group, the polymerization kinetics, mechanism and catalyst's structure-activity relationship were unknown, which were critical for obtaining more understanding of the catalyst design.
In this contribution, chemoselective ring-opening polymerization kinetics was carefully measured and the proposed polymerization mechanism is presented with the support of NMR, MALDI-TOF MS and SEC. The structure-activity relationship study revealed that 2,6-di-tert-butyl-4-methylphenol and lanthanide exhibited relatively higher chemoselectivity. Moreover, well-dened thiol-terminated poly(3-caprolactone) (PCLSH) with a molar mass up to 20 000 g mol À1 was obtained under optimized mild conditions. This study provides deep insights into chemoselective polymerization and rare earth phenolate catalysis.
Experimental
Materials CL (J&K, 99%) was dried over CaH 2 overnight, vacuum-distilled and stored at room temperature. Toluene (Sinopharm chemical Reagent, 99.5%) was reuxed over sodium under an argon atmosphere. 6-Mercapto-1-hexanol (MH) (TCI, 98%) and other chemicals were purchased and used without purication. The rare earth phenolates were synthesized according to the literature. 21 
General polymerization procedures
Polymerization reactions were performed in 20 mL ame-dried ampoules interfaced to the dual-manifold Schlenk line. As an example (Table 1 , entry 1), MH (0.0111 g, 0.0824 mmol), catalyst 
column. Matrix-assisted laser desorption/ionization time-ofight mass spectra (MALDI-TOF MS) were obtained using a mass spectrometer (Ultraextreme; Bruker Co.) with the Smartbeam/Smartbeam II modied Nd:YGA laser. Mass spectra of ve hundred shots were accumulated for the spectra at a 25 kV acceleration voltage. The polymer sample was dissolved in CHCl 3 at a concentration of 10.0 mg mL À1 , while the matrix 2,5-dihydroxybenzoic acid (2,5-DHB) was dissolved in a solution of triuoroacetic acid and acetonitrile with a volume ratio of 70 : 30 in 10 mL of water (1%). Samples for MALDI-TOF MS were prepared by mixing the matrix and polymer solutions with a volume ratio of 1 : 1. The MAL-DI target was spotted with 1.0 mL of solution and allowed to air-dry.
Results and discussion
Rare earth phenolates have been demonstrated to be the chemoselective catalysts for mercapto alcohol-initiated ringopening polymerization reactions to thiol-functionalized poly(3-caprolactone) (PCL). 15, 16 To obtain deep insights into this chemoselective polymerization system, polymerization kinetics was carefully measured using easily available lanthanum (La) tris(2,6-di-tert-butyl-4-methylphenolate)s (8) and 6-mercapto-1-hexanol (MH) as the model catalyst and initiator. Fig. 1 Fig. 2) took part in the initiation of monomers, resulting in dihydroxyl-terminated PCL. Aer depletion of monomers, thiol delity, DP NMR and Đ M continuously increased with the reaction time.
Based on kinetics study, the proposed polymerization mechanism is presented in Scheme 1. The chemoselective ligand exchange between rare earth phenolates and hydroxyl groups in MH played a dominant role in the formation of O-La bond (i), which acted as an active site, followed by monomer "coordination-insertion" (iii) to designable thiol-terminated PCL. Moreover, a small amount of thiol group competed with the hydroxyl group to form S-La bond (ii), resulting in the dihydroxyl-terminated PCL containing thiolester (viii). The "extra" hydroxyl resulted in reduced thiol delity, and DP NMR . Proton signals (H y ) at 2.86 ppm conrmed the presence of thiolester structure (Fig. 2a) . The decreased intensity
Scheme 1 Proposed mechanism for MH initiated chemoselective ROP of CL catalyzed by [8] .
of H y with reaction time, shown in Fig. 2b-d, was attributed to the transesterication attacked by O-La bond, thus releasing the thiol group again (ix). Moreover, transesterications (ix and xi) were responsible for the increase in molecular weight and distribution. 28 This could be proved by SEC traces, which shied toward regions of higher molecular weight and became broader with the increasing reaction time (Fig. 3) .
To explore the structure-activity relationship, 1-14 rare earth phenolates were prepared through varied substituted phenol ligands and rare earth metals (Scheme 2). The monomer concentration was elevated to 1.7 mol L À1 to reduce the reaction time. The results are summarized in Table 1 . In general, all rare earth phenolates (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) showed good activity in the unprotected MH-initiated ROP system. The resultant polymers exhibited thiol delity over 75% (up to 91%) with narrow molecular weight distributions (Đ M < 1.4). 2,6-Di-tertbutyl-4-methylphenol and the lanthanide showed relative higher chemoselectivity, which might have resulted from substituent's electronic/steric effect and metal characteristic.
29,30
To demonstrate the versatility of rare earth catalysts, polymerization reactions with different monomer feed ratios were carried out to obtain varied molecular weights of PCLSH using well assigned and the presence of thiol group as the end group was validated, which was consistent with a previous report. 15, 17, 18 MALDI-TOF MS was used to provide more information about the polymer structure. In Fig. 4 , two series of main peaks cationized by Na + and K + fairly agreed with the theoretical values of PCLSH. The interval of 114 represented the molecular weight of the CL unit. No disulde byproducts were detected. Next, the monomer scope should be expanded to prepare varied thiol-terminated polyesters. The applications of the resultant polymers with thiol functionality would also be explored in the future.
Scheme 2 Structures of rare earth phenolates. 
Conclusions
In this study, unprotected 6-mercapto-1-hexanol-initiated ringopening polymerization kinetics was carefully investigated in the presence of rare earth phenolates used as catalysts. Thiol delity decreased as the monomers were consumed and subsequently increased, accompanied by a continuous increase in the degree of polymerization and molecular weight distribution. The proposed polymerization mechanism is presented, indicating that besides chemoselective ring-opening polymerization to design products, thiolester intermediates were generated via initiation of S-La bond and disappeared through transesterication attacked by O-La bond. The structureactivity relationship study indicated that all 14 rare earth phenolates exhibited good activities in control of thiol delities, molecular weights and distributions. Furthermore, 2,6-di-tertbutyl-4-methylphenol and lanthanide were found to be the relative best ligand and metal. Moreover, well-dened highmolecular-weight thiol-terminated poly(3-caprolactone) with high thiol delities and narrow distributions were successfully prepared under optimized mild conditions. Further research might be carried out on monomer scope expansion and post modication of thiol groups. We believe that this article provides deep insights into chemoselective polymerization and rare earth phenolate catalysis. (Table 2) .
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